Study Design. Position sense in the spine was recorded at T1, T7, L1, and S2 in three incremental angular ranges of flexion and on return to upright standing from these movements.
Proprioception usually is resolved into two component parts: position sense (i.e., awareness of the relative orientation of body parts in space) and movement sense (i.e., the perception of velocity and acceleration). Afferent inputs from joint tissues, muscles, skin, eyes, and vestibular apparatus all contribute to proprioception, although the relative importance of these and exteroceptive information are still debated. 7, 12, 15, 17 Position sense usually is assessed by measuring the angular error in reproducing criterion positions. This may be expressed as the "absolute" (unsigned) error or the "constant" (signed) error, which takes into account overshoot or undershoot. Mechanoreceptor afferents appear to be well placed collectively to provide position sense over the entire range of joint movement, although the contribution from individual receptors varies throughout this range. Ligamentous and capsular afferents are most active at the limits of joint movement, 7, 12, 17, 20, 32 so afferent input from muscle spindles probably provides the primary source of joint position sense over most of the physiologic range. 12, 20 However, the relationship between muscle spindle discharge and joint range/angle is highly complex. 23 Afferent input varies between different muscles crossing the same joint 17 and is related to muscle length, movement speed, and spindle activation history. 17, 19 Therefore, all of these might be expected to affect proprioception.
In the spine, mechanoreceptor afferents have been isolated in the interspinous, supraspinous and flaval ligaments, thoracolumbar fascia, paraspinal muscles, lumb a r i n t e r v e r t e b r a l d i s c s , a n d c e r v i c a l f a c e t joints. 3,33,56 -58 The diverse location of these afferents suggests the potential for proprioceptive input throughout the entire functional range of movement.
Few studies of proprioception have specifically assessed the effect of range on position sense, although tests have been carried out using a wide range of criterion reproduction angles. Studies of knee position sense, for example, have been carried out in positions between 90°o f flexion and full extension, 4, 6, 8, 13, 21, 27, 28, 47, 52 but only a few have explored the effects of range in the same individuals. 4, 6, 21, 52 For those studies that have, results vary, with some workers finding range-related differences in healthy individuals and patients 6, 52 and others finding no differences. 4, 21 Studies of spinal position sense in healthy individuals and patients suggest that it is accurate to within a few degrees, 5, 16, 25, 48 may be impaired by pathology, 18,30,35,39 -41 and tends to be more accurate in response to smaller displacements. 5, 25, 30, 35 There is also some evidence that patients with spinal pathology have a tendency to overshoot target positions. 30 Current trends in position sense testing indicate moves toward more natural, self-paced testing paradigms. This is evidenced by the recent adoption of closed-chain testing conditions in the lower limb 4, 11, 29 and the use of broader criterion test ranges rather than specific joint angles. 10, 16 Physiologic spinal movement varies in pathologic and healthy spines 42, 43, 50, 54 even when apparently the same functional movements are performed. 44 Precise control of spinal movement is therefore difficult to achieve, even when the individual's movement is constrained. 5, 25, 49 The objective of this study was to determine the effect of movement range on spinal position sense during natural, self-paced movements in order to establish a protocol for comparing position sense in normal and pathologic spines.
Methods

Participants.
In this study, 20 healthy employees of hospital or university departments (12 women and 8 men), ages 23 to 44 years (mean, 30.6 years), gave informed consent to participate, which was approved by the local research ethics committee. Participants were screened to exclude current or previous conditions that could affect proprioception: trauma or pathology of the lower limbs or spine, neurologic disorders, diabetes or conditions affecting hearing, and balance or vision (not corrected by glasses). All participants were tested at least 3 hours after rising to minimize the effect of diurnal variations in spinal mobility. Physical characteristics of height, weight, and hand dominance also were recorded.
Motion Analysis. Spinal position sense was assessed using a three-dimensional electromagnetic movement analysis system, the 3-Space Fastrak (Polhemus, Inc., Colchester, VT), which has been shown to provide accurate and reproducible measurements of spinal proprioception. 46 The Fastrak comprises a source of electromagnetic waves and four sensors. A change in the position and orientation of the sensors relative to the source causes a proportional change in their electrical output, which is then converted to angular or linear measurements using specialist software. Average values of lumbar range of movement made with a similar electromagnetic device, the 3-Space Isotrak, 14 compare well with those obtained from biplanar radiographs, 2, 14 which are considered the gold standard for measuring spinal movements.
Furthermore, ranges of lumbar movement measured by electronic inclinometers correlated well with simultaneous measurements made from sagittal plane radiographs (r ϭ 0.91), 2 where a superimposition technique was used to determine lumbar range of movement. 9 The Fastrak sensors are of similar size and attached in a manner comparable to that of the sensors used in these previous investigations, suggesting that measurements made using the Fastrak should reflect the true movement of the underlying vertebrae.
In the current study, the Fastrak sensors were fixed to the skin overlying the spinous processes of T1, T7, L1, and S2 with double-sided tape and Hypafix (Smith and Nephew SA, LeMans, Cedex, France). Sensors were attached with participants in a semiflexed position to minimize displacements caused by skin movement in either a cranial or caudal direction when participants adopted more flexed or upright postures, respectively. (Full details of attachment are provided in a previous article.
46 ) The angular accuracy of the Fastrak, given as 0.15°root-mean-square in the manufacturer's specification, 37 is influenced by the operating environment, and in particular by the distance between source and sensors. Calibrations in the authors' laboratory, carried out in a metal-free environment, indicate that in the sagittal plane, accuracy declines from 0.29°r oot-mean-square when the operational range of the sensors relative to the source is 20 cm, reaching 0.62°root-meansquare when this range is increased to 81 cm. The equivalent values for the coronal plane are 0.72°and 0.96°. These values incorporate the observer error in positioning the Fastrak sensors on the calibration goniometer and thus overestimate the true root-mean-square errors inherent in Fastrak measurements.
In the current study, the Fastrak source was mounted on an adjustable wooden stand placed next to participants during testing. Its height and position were adjusted to ensure that all sensors operated within the aforementioned calibration range. Experiments were carried out in an environment free of any large metal objects to avoid any distortion of the electromagnetic field. The slight loss of accuracy observed at greater operating distances within the calibration range was associated with little change in precision and thus was unlikely to affect measures of position sense error to any significant extent.
Experimental Protocol. Spinal position sense was assessed by measuring repositioning accuracy at three different positions of sagittal and coronal flexion and on return to upright standing following these movements. Participants stood with feet sufficiently apart to enable safe and comfortable full spinal movements in the sagittal and coronal planes.
At the start of the procedure, participants were requested to stand with arms folded across the chest, and to flex "as far as you comfortably can" randomly into either forward flexion or left-or right-side flexion keeping the knees straight and the feet flat on the ground.
Having established "full" range of movement, participants then were blindfolded and required to flex either forward or to the left or right "one third," "one half," or "two thirds" of the perceived full range. This position was held for 3 seconds, after which participants were requested to return to their "exact upright posture." After a further 3-second interval, participants were required to return to their "exact" previous flexed position before finally returning to the upright posture. Three tests were carried out in each range for each movementforward flexion, left-side flexion, and right-side flexion-a total of 27 randomized tests.
Determination of Position Sense. Angular error in reproducing flexed and upright positions was derived from analysis of computerized graphic representations of each sensor movement for each test. The difference in angle between attempts at reproducing movements of one third, one half, and two thirds was calculated for each sensor and used as a measure of active position sense in forward, left-side flexion, and right-side flexion. Similarly, the difference between the reading for the initial upright standing posture and that for the first return to upright standing from each movement was used as a measure of position sense in the upright posture. Signed differences were used to assess undershoot or overshoot of target positions and unsigned differences to assess absolute error.
Determination of Range.
The total angular range of movement traversed by T1, T7, L1, and S2 was calculated by comparing angular measurements at these sensors at the start and finish of movements in each of the range categories. Regional angular range of movement in the upper and lower thoracic spine and the lumbar spine was assessed by determining the angular differences between T1 and T7, T7 and L1, and L1 and S2 in upright standing and subtracting these from the respective differences in flexed positions.
Statistical Analysis. Differences in range of movement and position sense within each range category and position sense between range categories were assessed using a single factor within subject analysis of variance (ANOVA). Qualitative results also were investigated using binomial distribution tables. Post hoc analysis was carried out using Tukey's honestly significant difference test. Significance is accepted at the 5% level.
Results
Within Range
The total angular range of movement traversed by the four sensors in each of the range categories is shown in Figure 1 . Regional angular movement between adjacent sensor locations is shown in Table 1 . An incremental increase in total and regional angular movement was observed at each sensor location as the requested range increased from one third to two thirds. When total angular movements were expressed as a percentage of full range, the values at T1 most closely reflected the requested ranges. In forward flexion, these were equivalent to 36% Ϯ 8% at one third, 52% Ϯ 9% at one half, and 66% Ϯ 9% at two thirds range of movement. In coronal flexion, there was a greater tendency to overestimate the requested range.
In most cases, there were no significant differences in either total or regional range of movement traversed by each sensor between repeated trials in each range category. Exceptions to this included a maximum difference of 4.12°in total range of movement at S2 for repeated trials in two thirds forward flexion. In addition, a maximum difference of 3.68°in total range of movement was found at T1 for repeated trials in one half right-side flexion, which resulted in smaller significant differences in both total and regional angular right-side flexion movements lower down the spine.
There were no significant differences in position sense when absolute repositioning error was compared between the three trials carried out within each range category. Undershooting or overshooting of target positions did not show any trial-related trend. Signed error was significantly different in only one instance at T1 on return to upright standing from one third left-side flexion. This difference was mainly attributable to four participants who overshot the first trial as compared with the other participants. Because differences in error were significant only in this one instance, the mean of the three trials was taken as a measure of position sense within the one third, one half, and two thirds range categories.
Between Ranges
Measurements of absolute repositioning error in upright and flexed positions in each range category are shown in Table 2 , and the corresponding measurements for the flexed positions are shown in Figure 2 . In nearly all cases, there were no significant differences in error between each of the three range categories. In the few instances where significant differences were observed (Table 2) , post hoc analysis showed that they occurred between the one third and two thirds range categories. The differences were small (Ͻ 0.8°) in all but one case, in which a difference of 1.83°was found at S2 between one third and two thirds sagittal flexion.
The tendency to undershoot or overshoot target positions did not demonstrate any range-related trend, but there was a general trend, which reached significance in 38% of the trials, for participants to overshoot flexed positions irrespective of range. Signed errors were always smaller than the absolute errors and ranged from Ϫ1.09°t o 1.07°in upright postures and from Ϫ2.47°to 3.17°in flexed postures. Differences in signed error between ranges were not significant in the vast majority of cases, although there was a general tendency in flexed postures for signed error to decrease with an increase in range. In two cases, this reached significance: at T7 on right-side flexion and at L1 on left-side flexion. Significant differences also were observed in two cases on return to upright standing from right-and left-side flexion at T1. Post hoc analysis (honestly significant difference) showed that in all four cases, the differences were small (0.71-1.33°) and occurred between the one third and two thirds range categories.
Discussion
The results of this study indicate that persons are able to discriminate between incremental ranges of movement, although total and regional ranges of movement vary greatly between individuals. Individuals appear to gauge movements in the sagittal plane by head position because measures taken at T1 most accurately represent criterion ranges of movement.
In the current study, there was little regional movement on sagittal flexion in the thoracic spine, with some participants even extending slightly on forward bending. Most sagittal flexion occurred in the hip and lumbar regions. In the coronal plane, side flexion occurred predominantly in the lower thoracic and lumbar regions. These findings are representative of normal regional physiologic movement in the sagittal and coronal planes. 53 Spinal position sense was found to be affected little by range of movement. In approximately one third of the tests, there was a slight trend toward diminished position sense with increasing range of movement, but this reached significance in only four instances. With the exception of forward flexion at the sacrum, these differences accounted for less than 2.5% of the total angular range moved, so they are unlikely to be of functional significance.
Sagittal flexion of the sacrum at S2 corresponds to straight-legged hip flexion, and here a significant decrease in position sense acuity between one third and two thirds of the range was found. Apparently no other studies have assessed active absolute position sense of the hip over different ranges of movement, although one study did assess signed errors. This earlier study found a decrease in signed error with increasing range of hip flexion, 45 a trend that also was observed in the current study.
The position sense results obtained in the current study are similar to those reported previously using the same technique, 46 and are also similar to those of earlier studies that assessed spinal position sense in response to large displacements. 30, 31, 39, 40 Maffey-Ward et al, 31 for example, reported a mean sagittal lumbopelvic position sense of 2.6°, and Revel et al 39, 40 a sagittal cervical position sense of 3.37°on return to neutral, upright positions. These findings correspond to the current mean findings of 2.28°at L1 and 3.05°at T1 in upright positions after sagittal flexion.
Other workers, however, have reported smaller repositioning errors in response to smaller movements. 5, 25, 35 Parkhurst et al 35 assessed repositioning accuracy in the lower back at positions "approximately 5°" from a neutral starting position. They reported mean repositioning accuracy of 23.3 mm (1.17°) in the sagittal plane and 16.5 mm (0.83°) in the coronal plane. These results reflect the current findings of superior coronal position sense, but are lower than the current mean repositioning errors at L1. These differences may be caused by methodologic variations between the studies because this earlier study assessed position sense in lying rather than freestanding postures. This may have led to an increase in exteroceptive cues, which under some circumstances have been shown to improve position sense acuity. 22, 36 The results of the current study support previous findings showing that position sense is better in upright than in nonupright positions, 46 indicating a possible influence of the vestibular apparatus. Motor behavior experiments that incorporate variations in target distance sometimes report a response bias in location reproduction tasks, with individuals tending to either overestimate or underestimate larger movements. 1, 24, 26, 38, 51, 55 The current study, however, suggests that qualitative aspects of proprioception are not significantly range dependent. The biases reported by previous workers are usually a response to shifts in starting position. 24, 26, 51, 55 In the current study, there was no particular bias toward undershooting or overshooting on return to upright postures regardless of the starting position (i.e., one third, one half, or two thirds of the range), and this may again reflect input from the vestibular apparatus. In coronal and sagittal flexion, in which there was little variation in the upright starting position, however, there was a bias toward overestimating target positions regardless of range. A similar overshooting bias has been reported in the healthy loaded spine in sagittal flexion, 16 suggesting that it may reflect spinal proprioception under conditions of increased gravitational loading.
Both regional and total spinal movements are likely to make an important contribution to overall spinal position sense. Regional movement of one vertebra relative to another will produce the most strain in small interseg- mental muscles and ligaments, which are richly endowed with muscle spindles. 34 Correspondingly larger movements of the whole spine produce strain in polysegmental tissues such as the thoracolumbar fascia and erector spinae muscles, which may therefore contribute more to position sense toward the extremes of the range of movement. The interplay between these various proprioceptive outputs probably explains how proprioceptive acuity is maintained throughout the full range of movement.
Summary
Spinal position sense is affected little by range of movement. Where significant differences exist, they represent less than 2.5% of the total angular range. Hip position sense may be subject to range effects where there are large variations in position. Movement of T1 most closely represents individuals' perception of the total range of sagittal flexion. This may be a reflection of head position sense. Adoption of precise-criterion positions, which is difficult to achieve experimentally, may not be an essential prerequisite of spinal position sense protocols. This study has shown that simultaneous regional assessment of spinal position sense under natural, selfpaced conditions is little affected by total or regional variations in angular range.
